Sphingomonas sp. strain RW1 synthesized a constitutive enzyme system that oxygenated dibenzofuran (DBF) to 2,2',3-trihydroxybiphenyl (THB). We purified this dibenzofuran 4,4a-dioxygenase system (DBFDOS) and found it to consist of four components which catalyzed three activities. Two isofunctional, monomeric flavoproteins (components Al and A2; Mr of about 44,000) transferred electrons from NADH to the second component (B; Mr of about 12,000), a ferredoxin, which transported electrons to the heteromultimeric (a042) oxygenase component (C; Mr of a, 45,000; Mr of 0, 23,000). DBFDOS consumed 1 mol each of NADH, 02, and DBF, which was dioxygenated to about 1 mol of THB; no intermediate was observed. The reaction was thus the dioxygenation of DBF at the 4 and 4a positions to give a diene-diol-hemiacetal which rearomatized by spontaneous loss of a phenolate group to form THB. Components Al and A2 each reduced dichlorophenolindophenol but had negligible activity with cytochrome c; each lost the yellow color, observed to be flavin adenine dinucleotide, upon purification. Component B, which transported electrons to the oxygenase or cytochrome c, had an N-terminal amino acid sequence with high homology to the putidaredoxin of cytochrome P-450c.m The oxygenase had the UV spectrum of a Rieske iron-sulfur center. We presume DBFDOS to be a class IIA dioxygenase system (EC 1.14.12.-), functionally similar to pyrazon dioxygenase.
Inert, unsubstituted aromatic compounds, which are subject to aerobic bacterial metabolism, are activated by multicomponent dioxygenases or, occasionally, by multicomponent monooxygenases (e.g., references 4, 10, 11, and 20) . These dioxygenase reactions all involve pairs of neighboring carbon atoms not involved in bridges between rings. Dioxygenases that attack in angular position have now been proposed (7, 29, 31) . In these reactions, a chemically unstable intermediate is postulated, which decays spontaneously with concomitant cleavage of the heterocyclic ring ( Fig. 1 ), analogous to dioxygenation with concomitant labilization of an otherwise stable C-heteroatom bond (C-Cl, references 8 and 19; C-SO3-, reference 17) .
The degradative pathway for dibenzofuran (DBF) was first elucidated in Sphingomonas and Brevibacterium spp. (9, 26) , and the same pathway is present in Sphingomonas sp. strain RWI (31, 32) . The first intermediate, 2,2',3-trihydroxybiphenyl (THB), has been thoroughly identified, but there is no information available on the initial oxygenation reaction or its stoichiometry.
We now report the first purification and some properties of a dioxygenase which attacks at a bridge position, a threecomponent dioxygenase which we term the DBF 4,4a-dioxygenase system (DBFDOS). (10) . In contrast, dioxygenation ofp-sulfobenzoate destabilizes the C-SO3 -bond, and the hypothetical intermediate rearomatizes concomitantly with spontaneous loss of a good leaving group, the sulfite ion; in contrast to the degradation of benzene, one enzyme (system) suffices to form the catechol (17) . Presumed dioxygenation of DBF involves formation of the diene-diol-hemiacetal, which rearomatizes concomitantly with the spontaneous loss of a good leaving group, the phenolate ion, which is simultaneously the cleavage of the furan ring (31) . As in the case of p-sulfobenzoate, one enzyme (system) suffices to form the catechol from the educt. For simplicity, concerted reaction mechanisms are shown. 0.4 ml/min. The eluent was 50 mM Tris sulfate, pH 7.5, containing 150 mM Na2SO4.
MATERIALS AND METHODS
The organism, its growth, the preparation of cell extracts, and enzyme assays. Sphingomonas sp. strain RW1 (DSM 6014) (32) was used routinely. Sphingomonas (originally Pseudomonas) sp. strains HH691 (9) and HH69/II (a THB-dioxygenasenegative mutant of HH691 [12] ) were also examined. Cell extracts of strains HH691, HH69/II, and RW1 were found to form products from DBF, but strain RW1 was chosen for further work, despite the fact that it grew well in shaken cultures only, because it alone could be readily harvested. Further, DBF is sparingly soluble in water, and pellets of cells harvested from DBF-salts medium contained bound DBF.
Strain RW1 was found to synthesize DBFDOS constitutively during growth in, e.g., acetate salts, benzoate salts, and salicylate salts media, and the latter medium was chosen to produce large portions of cell material free of DBF, because there was a negligible lag phase and rapid growth (growth rate, 0.17 h-) (Fig. 2) . Strain RW1 was stored at 4°C on DBF salts slants from which precultures in 5 mM salicylate salts medium (the salts medium of Fortnagel et al. [9] supplemented with 5 ml of trace elements per liter [6] ) were inoculated. Growing cells from a preculture were inoculated (1.5%, vol/vol) into 1.5 liters of homologous medium in a 5-liter Erlenmeyer flask and incubated at 30°C on a rotary shaker for 18 h. Under these conditions, DBF-dependent oxygen uptake of whole cells was maximal for some 2 h at about 18 h, just prior to the exhaustion of salicylate (Fig. 2 ). Cells were then harvested by centrifugation (5,000 x g for 20 min at 4°C) and washed twice in 50 mM Tris-HCl buffer, pH 7.5 (10,000 x g for 15 min at 4°C), and they could be stored for several weeks at -20°C without loss of activity.
Frozen cells (20 g ) were thawed, suspended to 1.0 g (wet weight) per ml in buffer Zi (50 mM Tris-HCl, pH 7.5, containing 1 mM dithiothreitol) containing 0.1 mM phenylmethane sulfonyl fluoride, supplemented with DNase (0.2 mg/ml), and ruptured by three passages through a chilled French pressure cell at 130 MPa. Whole cells and debris were removed by centrifugation (20,000 x g for 30 min at 4°C) and ultracentrifugation (150,000 x g for 60 min at 4°C), and the DNA-free supernatant fluid was used immediately.
Reductase Al or reductase A2 of DBFDOS was identified as an essential component for DBF-dependent oxygen uptake in separated protein fractions. Each reductase was routinely assayed at 25°C as reduction of dichlorophenolindophenol (DCPIP). The reaction mixture contained (in 1.0 ml) 44 ,umol of Tris-HCl buffer (pH 7.5), 100 nmol of DCPIP, and 0.2 to 400 jig of protein, and the reaction was started by the addition of 150 nmol of NADH. The decrease in A600 was followed; s60 was taken to be 21,000 M-1 cm-' (25) . The reaction was directly proportional to the amount of protein assayed (Fig.  3a) . On occasion, other electron acceptors were used (17) .
The ferredoxin (component B) of DBFDOS was identified as an essential component for DBF-dependent oxygen uptake in separated protein fractions. The enzyme was routinely assayed at 25°C as the reductase A2-dependent reduction of cytochrome c. The reaction mixture contained (in 1.0 ml) 38. 5 ,umol of Tris-HCl buffer (pH 7.5), 50 nmol of cytochrome c, 10 ,ug of reductase A2 (step A3), 5 to 500 ,ug of protein, and 300 nmol of NADH, with which the reaction was started. The increase in A550 was followed; 550 was taken to be 21,000 M 1 DIBENZOFURAN 4, A portion of preculture in the mid-exponential phase of growth in 5 mM salicylate salts medium was used to inoculate homologous medium (1.5 liters). Samples were taken at intervals for turbidity, protein, substrate concentration, and oxygen uptake. The samples (1.0 ml) for oxygen uptake were centrifuged (10,000 x g, 1 min, about 20'C), and the supernatant fluid was discarded; the cells were resuspended immediately in 50 mM Tris-HCl buffer, pH 7.5, and washed (10,000 x g, 1 min, about 20°C). The cells were suspended in fresh Tris-HCl buffer and examined immediately for DBF-dependent oxygen uptake. The data are given as specific activities on a protein basis; in practice, the turbidity was used. 0, protein; <, salicylate; 0, DBF-dependent oxygen uptake rate.
cm-' (28). The reaction was directly proportional to the amount of protein assayed (Fig. 3b) .
The activity of the oxygenase component (C) of DBFDOS was assayed routinely as oxygen uptake at 30°C (cf. reference 17). The reaction mixture was optimized for buffer and pH, and for the concentrations of buffer, NADH, and DBF; it contained (in 0.5 ml) 25 ,umol of Tris-HCl buffer (pH 7.5), 1 ,imol of NADH, 60 ,ug of reductase A2 (step 2 for fractions A), 100 ,ug of ferredoxin B (step 1), and 1.0 mg of protein, and the reaction was started by the addition of 500 nmol of DBF (dissolved at 50 mM in methanol). The assay could also be done by treating portions from the mixture with perchloric acid to precipitate protein, neutralizing, and following product formation (salicylate, Fig. 1 ) by HPLC; salicylate was not oxygenated or otherwise transformed by cell extracts under these conditions. In the version described above, the reaction was directly proportional to the amount of protein assayed (Fig. 3c) , but when the assay was done in crude extract without addition of components A and B, a nonlinear response was obtained (Fig. 3c) . In calculations, the endogenous rate of oxygen consumption, recorded in the absence of substrate, was subtracted from the gross reaction rate. Further, in early stages of the purification, extracts contained THB-1,2-dioxygenase (THBDO), and so the oxygen uptake rates were halved to obtain net activities of DBFDOS; the specific activity of THBDO exceeded that of DBFDOS by a factor of two. Results are expressed routinely as katals. A tested compound was considered to be a substrate for DBFDOS when both oxygen uptake and product formation were observed.
THBDO was measured as oxygen uptake in the oxygen electrode as in the work of Ishigooka et al. (13) except that no iron was required.
Purification of components A, B, and C of DBFDOS. Purification of DBFDOS from DNA-free crude extract was initiated by soft-gel ion-exchange chromatography, a highcapacity method which gave reproducible results; fractionation with ammonium sulfate led to extensive loss of activity (46%). Chromatography with the DEAE column was done in a standard automated protein liquid chromatography system (Pharmacia). Protein liquid chromatography with commercially packed columns was routinely done with LKB apparatus described elsewhere (16) . All steps were done at 4°C, except that the LKB apparatus was at room temperature though fractions were collected on ice under a stream of oxygen-free N2. All solutions were thoroughly sparged with oxygen-free N2 or helium. Considerable loss of activity occurred when sparging or dithiothreitol was omitted.
(i) Step 1. The DEAE anion-exchange column (26 by 145 mm) was equilibrated with buffer Zl (2.5 ml/min). Crude extract (about 500 mg of protein in 16 ml) was applied to the top of the column, which was washed for 60 min till a linear gradient of Tris-HCl (pH 7.5) (50 to 800 mM in buffer Zi, over 120 min) was applied (not shown). Fractions (7 ml) were collected and tested for DBFDOS activity. No single fraction was active, but 100-,ul portions each of the yellow-brown fractions near no. 44 (about 450 mM Tris-HCl) (fractions A) showed DBFDOS activity when mixed with the red-brown fractions near no. 55 (about 710 mM Tris-HCl) (fractions B). Fractions 42 to 46 and 53 to 58 were pooled separately and concentrated by ultrafiltration to about 7 ml.
Fractions 42 to 46 contained THBDO.
(ii)
Step 2 for fractions A. The Mono Q anion-exchange column was equilibrated with buffer Z2 (20 mM Tris-H2SO4, pH 7.5, containing 1 mM dithiothreitol) (4 ml/min) and loaded with the concentrated material from fractions 42 to 46 in step 1. Proteins were eluted by an increasing gradient of Na2SO4 in buffer Z2 (Fig. 4) . Fractions (4 ml) were collected and tested for DBFDOS activity in the presence of fractions B from step 1. No single fraction was active in combination with fractions B, but the combination of 100-,u portions of either of the two sets of yellow fractions eluting at about 38 mM Na2SO4 (fraction Al; numbers 34 to 36) or at about 45 mM Na2SO4 (fraction A2; numbers 37 to 39) with red fractions eluting at about 60 mM Na2SO4 (fraction C; numbers 44 to 47) and fraction B gave DBFDOS activity. Fractions containing significant activity were pooled separately to give the crude components Al, A2, and C, respectively, of DBFDOS.
Component Al (also A2) was observed to coelute with a NADH-linked DCPIP reductase, which was later shown to be Components Al, A2 (both yellow), and B were separated from THBDO in this step.
(iii)
Step 2 for fractions B. The Mono Q column was set up as in step 4 . Separation by anion-exchange chromatography of components Al, A2, and C of DBFDOS from Sphingomonas sp. strain RWL. Protein (140 mg) from fractions A (step 1) of DBFDOS was loaded onto a Mono Q column and eluted with a gradient of Na2SO4 (---). The yellow pigmentation was resolved into two peaks, components Al and A2 (0), each of which displayed NADH-dependent DCPIP reductase activity. The red-brown material eluted in fractions termed C (0). No DBF-dependent oxygen uptake was detected when fraction Al or A2 or C was mixed with fraction B from step 1. When fraction Al or A2 was mixed with fractions B and C, DBF-dependent oxygen uptake was observed. Full experimental details are in Materials and Methods. (viii)
Step 4 for component B and component C. Chromatography was done as described in the previous paragraph, and in each case, a symmetrical peak corresponding to the appropriate activity was obtained. Active fractions were concentrated fivefold and either used directly or stored at -20°C.
RESULTS
Components A, B, and C from DBFDOS. The specific activity of DBFDOS in crude extract was low (about 0.09 mkat/kg of protein from DBF-or salicylate-grown cells) and unstable (80% loss in 24 h at 4°C and 60% loss at -20°C) and could not be measured as oxygen uptake because of a high background of NADH oxidase. The nonlinear response of the activity to increasing protein concentration (Fig. 3c) suggested a multicomponent oxygenation (cited in reference 17), which was confirmed in step 1 (DEAE column) of the purification and revealed in its full complexity in step 2 for fractions A (see Materials and Methods and Fig. 4 ).
The DEAE column had several additional effects. The activity was stabilized (no loss of any partial activity in 24 h at 4°C if stored under N2). NADH oxidase was removed, which allowed the oxygen electrode to be used to monitor purification. Inhibitory material was also apparently removed, because there was an increase in the measured amount of activity of the reductase and the oxygenase (Tables 1 and 2 ). The increase in activity of the oxygenase was detected by the HPLC assay; the two subsequent reactions in the degradative pathway (Fig. 1) were also separated (3) and added to reaction mixtures in excess. These data were compared with assays of DBFDOS as oxygen uptake, which allowed the total activity of DBFDOS in crude extract (Table 2) to be calculated as oxygen uptake.
All components of DBFDOS were identified as essential for DBF-dependent oxygen uptake in coupled assays, and the oxygenase could be assayed by this method only. The coupled assay required large amounts of protein which were not readily available (see below), and indirect assays ( Fig. 3a and b) were used where possible because they were more sensitive and thus required less material. Components (Al, A2, B, and C) of DBFDOS were purified to (near) homogeneity (Fig. 5) step could not be compensated for by the addition of flavin adenine dinucleotide (or flavin mononucleotide). Catalytically, component Al was similar to A2, the visible difference being slightly different specific activities with DCPIP and ferricyanide (14 and 23 mkat/kg of protein, respectively). Although reductase Al was available in higher purity (Fig. 5) , most experiments were done with reductase A2, because it was available in larger amounts (Tables 1 and 3) .
Component B was identified as an electron transport protein because it transferred electrons from reductase A to cytochrome c and presumably to component C; the protein had no detectable interaction with NADH, oxygen, or DBF.
Component C showed no oxidoreductase activity with NADH or the artificial electron acceptors. Given the natures of components Al, A2, and B in electron transport, the probable nature of a redox center of component C (see below), and the reaction catalyzed in the presence of component C, this component is the oxygenase.
Reaction stoichiometry was examined in replicate experiments with limiting DBF (25 nmol); 24 nmol of 02 was consumed, and 20 nmol of THB was produced. When limiting NADH (25 nmol) was used, 20 nmol of 0°was consumed and 18 nmol of THB was produced. We presume the stoichiometry of the reaction catalyzed by DBFDOS to be I mol each of NADH, DBF, and 02 required to give 1 mol each of THB and NAD+.
The reaction catalyzed by DBFDOS was confirmed to be a dioxygenation by examining the mass spectra of THB formed in experiments containing l62 and 1802. The THB was trimethylsilylated. Two representative fragments in the electron-impact mass spectrum of tris-trimethylsilyl-THB prepared from an experiment in the presence of 1"62 were examined, the molecular ion at m/z = 418 [M+] and 403 [(M -CH3)+].
When 1602 and 18O2 were both present, additional peaks at 422 and 407 were observed with no significant peaks at 420 or 405. The two atoms of oxygen introduced into the substrate thus originated from one molecule of oxygen. DBFDOS is thus a three-component dioxygenase with isofunctional reductases. One product' Naphthalene 15 None " This product was identified by cochromatography (HPLC) with authentic material and by its UV spectrum and its mass spectrum. " The two compounds were presumed to be the sulfoxide (An,,,, 220, 248, 282, and 328 nm) and the sulfone (X 210, 235, 275, and 322 nm) of dibenzothiophene.
' This compound was presumed to be the cis-diol of fluoren-9-one (X,,, 225, 247, and 315 nm) (cf. reference 9).
'I This compound was identified by its UV spectrum and cochromatography with authentic material.
" This compound was not identified.
J1This material was unidentified (
196 and 277 nm).
DBFDOS converts not only DBF but four other heterocyclic (or analogous) compounds and biphenyl to product(s) ( Table  4) . Two compounds tested, one a heterocycle, showed no interaction with the enzyme. Six compounds caused oxygen uptake but were not converted by the enzyme system. Uncoupling of oxygen consumption from substrate oxygenation is thus not limited to the class 1 oxygenases (cf. reference 17) . There is little correlation between the reaction rates in Table 4 and those observed in whole cells, where apparently no products were examined (cf. reference 32).
Redox centers in DBFDOS. We have few data on this topic, because components A (reductase) and B (electron transport protein) were available in small quantities. Each reductase component was yellow in the early stages of purification. Flavin adenine dinucleotide (identified by cochromatography and data from UV spectra) could be extracted from reductase after step 2 (for fractions A) and step 3 (for components Al and A2). Given the negligible ability of the reductase to reduce cytochrome c, we presumed there to be no further redox center in the protein, as found in class II dioxygenases (1) .
The visible spectrum of component B (not shown), with the pair of maxima at 410 and 463 nm, was typical of a plant-type ferredoxin, as is the corresponding protein in pyrazon dioxygenase (maxima at 411 and 453 nm [23] ) and, e.g., putidaredoxin (20) .
The UV-visible absorption spectrum of DBFDOS oxygenase showed maxima at 565 and 450 nm in the oxidized state (not shown). In the reduced form, these two maxima largely disappeared and were moved to shorter wavelengths. These characteristics are similar to those of oxygenase components of other dihydroxylative oxygenases, and they are ascribed to a Rieske iron-sulfur center (20) . Purified and desalted DBFDOS oxygenase contained 1.6 mol of iron and 1.6 mol of inorganic sulfide per mol of native enzyme, similar to the data recorded for the pyrazon dioxygenase system (23 shown in the middle, and a description of the components with their associated redox centers is given on the left. We presume that only one of the observed reductases (Al and A2) is encoded in a putative DBF-dioxygenation operon, and so only one reductase is indicated. There is evidence for, but poor quantification of, the redox centers, and the electron transport is derived from data in reviews (1, 5, 11, 20) .
loss of flavin on purification of reductases Al and A2, especially in the last step (Tables 1 and 3 ). The loss may be typical (20) , but the low amounts of reductase were a hindrance, because components B and C could be assayed in coupled assays only.
Where multicomponent oxygenases have been examined at the gene level, the system has been found to be organized in an operon and only one reductase-encoding gene per operon is found (11) . The two reductases observed here, though physically similar to each other and to other reductases (20) , have very different N termini. We suspect that at least one of them happens to donate electrons to component B (Fig. 6) , and so is functionally but not genetically a part of DBFDOS, just as reductase B of the p-sulfobenzoate dioxygenase system is probably coregulated with the p-toluenesulfonate monooxygenase system (17, 18) . Sphingomonas sp. strain RW1 also produces isofunctional meta cleavage (EC 1.13.11.-) and hydrolase (EC 3.7.1.8) enzymes under the growth conditions used here, and we have argued that one set of isoenzymes represents a partially cryptic degradative pathway for biphenyl (3).
Batie et al. (1) classified the biochemically defined, multicomponent dioxygenase systems (EC 1.14.12. -) in three groups (I, II, and III) containing a total of five subgroups (IA, IB, IIA, IIB, and III), each of which has few (one to three) representatives. The classification is largely based on the nature of the electron transport chain leading to the nonheme-iron oxygenase. We attribute DBFDOS to subgroup IIA, and thus double the size of that subgroup (Fig. 6) . Batie et al.
(1), Mason and Cammack (20) , and Harayama et al. (11) point out the variety in the properties of the characterized monooxygenase and dioxygenase systems, and an extension of this variety was predicted (17) . The prediction is justified here, where the ferredoxin in a non-heme-iron dioxygenase system shares a common ancestor with the putidaredoxin in a wellcharacterized heme-iron monooxygenase system, cytochrome P-450cam, Given that the electron transport chain in both heme-and non-heme-iron systems serves the same function, this common ancestry is scarcely surprising.
DBFDOS catalyzes the reaction postulated elsewhere (Fig.  1) . The enzyme is basically another member of a known group of dioxygenases, and so the novelty in the chemical reaction (attacking a bridge carbon) is not reflected in a novel enzyme. We propose that the enzyme be assigned to EC 1.14.12. -under the trivial name "dibenzofuran 4,4a-dioxygenase system" and the systematic name "dibenzofuran, NADH: oxygen oxidoreductase (4,4a-hydroxylating, phenolate-forming)." The "comments" must then be used to define the system, presumably: "flavoprotein reductase (FAD); independent ferredoxin; heteromultimeric iron-sulfur oxygenase."
We tend to consider degradative pathways as purely enzymic entities. The pathway for the degradation of DBF, however, contains one major spontaneous reaction, the opening of the furan ring after dioxygenation of the neighboring ring. The biological exploitation of the spontaneous reaction in the degradation of aromatic compounds is becoming obvious, be it defined, as here and in the loss of other ring substituents (8, 17, 19) and in a portion of the meta degradative pathway (30) , or deduced from the nature of observed products (7, 14, 27, 29, 31) . Spontaneous reactions as integral portions of degradative pathways seem to be widespread in nature. 
